Nature of Magnetic Excitations in the High-Field Phase of
  $\alpha$-RuCl$_3$ by Ponomaryov, A. N. et al.
ar
X
iv
:2
00
6.
13
53
8v
1 
 [c
on
d-
ma
t.s
tr-
el]
  2
4 J
un
 20
20
The nature of magnetic excitations in the high-field phase of α-RuCl3
A. N. Ponomaryov,1, ∗ L. Zviagina,1 J. Wosnitza,1, 2 P. Lampen-Kelley,3, 4 A. Banerjee,5, †
J.-Q. Yan,3 C. A. Bridges,6 D. G. Mandrus,4, 7 S. E. Nagler,5 and S. A. Zvyagin1, ‡
1Dresden High Magnetic Field Laboratory (HLD-EMFL) and Wu¨rzburg-Dresden Cluster of Excellence ct.qmat,
Helmholtz-Zentrum Dresden-Rossendorf, 01328 Dresden, Germany
2Institut fu¨r Festko¨rper- und Materialphysik, TU Dresden, 01062 Dresden, Germany
3Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37821, U.S.A.
4Department of Materials Science and Engineering,
University of Tennessee, Knoxville, TN 37821, U.S.A.
5Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, U.S.A
6Chemical Science Division, Oak Ridge National Laboratory, Oak Ridge, TN 37821, U.S.A.
7Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37821, USA
(Dated: June 25, 2020)
We present comprehensive electron spin resonance (ESR) studies of in-plane oriented single crys-
tals of α-RuCl3, a quasi-two-dimensional material with honeycomb structure, focusing on its high-
field spin dynamics. The measurements are performed in magnetic fields up to 16 T, applied along
the [110] and [100] directions. Several ESR modes are detected. Combining our findings with recent
inelastic neutron- and Raman-scattering data, we identify most of the observed excitations. Most
importantly, we show that the low-temperature ESR response beyond the boundary of the magneti-
cally ordered region is dominated by single- and two-particle processes with magnons as elementary
excitations. Peculiarities of the excitation spectrum in the vicinity of the critical field are discussed.
Spin systems with honeycomb structures have recently
attracted a great deal of attention, in particular in con-
nection with the Kitaev–Heisenberg model [1]. The
model predicts a variety of magnetic phases, ranging from
the conventional Ne´el state to a quantum spin liquid,
with the excitation spectrum formed by spin-flip excita-
tions, fractionalized into gapped flux excitations and gap-
less Majorana fermions [2]. α-RuCl3 has been proposed
as one of the prime candidates to test this model [3]. In
this material, the multiorbital 5d t2g state can be mapped
into a single orbital state with effective pseudospins jeff
= 1/2. The spins are arranged into a two-dimensional
(2D) honeycomb lattice [Fig. 1(a)] with bond-dependent
interactions, defined by the Kitaev parameter K in the
Hamiltonian:
H =
∑
〈ij〉
[
JS i ·S j +KS
γ
i S
γ
j + Γ
(
Sαi S
β
j + S
β
i S
α
j
)]
−
−µB
∑
i
B · g ·S i.
(1)
Here, Si and Sj are spin-1/2 operators at site i and j,
respectively, J is the Heisenberg exchange parameter, Γ
represents a symmetric off-diagonal term, µB , B, and g
correspond to the Bohr magneton, magnetic field, and
g tensor, respectively (α and β are perpendicular to the
Kitaev spin axis γ). A number of sets of parameters
of the generalized Kitaev–Heisenberg model for α-RuCl3
have been proposed (for review see, e.g., [4]). Below
TN ∼ 7 K, the system undergoes the transition into 3D
long-range zigzag magnetic ordered phase [5], associated
with a triple-layer structure modulation in the direction
perpendicular to the honeycomb direction [phase AF1 in
Fig. 1(b)]. Magnetic ordering is suppressed under the
application of magnetic field Bc [6], followed by a par-
tial polarization of the ground state [7]. In addition, a
signature of the second phase (AF2) has been detected
between B∗c and Bc [8–10]. For H ‖ [110], the critical
fields are B∗c = 6.1 and Bc = 7.3 T, and these converge
at Bc = 7.6 T as one moves towards H ‖ [100], where the
separation is small, if not zero [9].
FIG. 1. (a) Schematic view of the honeycomb structure, show-
ing the [100] and [110] axes relative to the Ru-Ru bonds. Ru
ions from adjacent zigzag chains are shown by different colors.
(b) Schematic temperature-field phase diagram for α-RuCl3.
AF1 and AF2 correspond to different low-temperature anti-
ferromagnetically ordered phases.
One striking peculiarity of the spin dynamics in α-
RuCl3 is the presence of a broad excitation continuum,
which has been interpreted as a potential signature of
fractionalized Majorana excitations [11–14]. It can be ob-
served up to well above 100 K, indicating the rather high
energy scale of magnetic interactions in this compound.
The continuum remains present well below TN , when the
ground state is magnetically ordered and the low-energy
2excitation spectrum is formed by two antiferromagnetic-
resonance (AFMR) modes [15–17]. Based on that, α-
RuCl3 was proposed to be in close proximity to the pre-
dicted Kitaev quantum spin liquid [12]. In the field-
induced disordered phase the continuum is also present
and gapped, with the gap gradually increasing with the
applied magnetic field [8, 18–21].
Alternatively, the continuum can be described in terms
of incoherent multimagnon processes [22, 23]. In line with
that, recent calculations [4] points toward the physics of
the strongly interacting and mutually decaying magnons,
not to that of the fractionalized excitations.
Recent high magnetic field spectroscopy measurements
revealed a very rich excitation spectrum in the field-
induced magnetically disordered phase [15, 18–21], in-
cluding several modes below the continuum. The remark-
ably large slope of some of them implies the presence of
transitions with ∆S = 2 (contrary to ∆S = 1, expected
for conventional one-particle excitations in S = 1/2 sys-
tems) [15]. This observation strongly suggested that the
high-field spin dynamics in α-RuCl3 has an emergent
multiparticle nature, rising important question on the
nature of the observed excitations.
To understand the complex spin dynamics in α-RuCl3,
a comparative analysis of available experimental data is
essential. Unfortunately, one critical shortcoming of the
majority of magnetic studies of α-RuCl3 comes from ig-
noring its in-plane anisotropy, which makes such a com-
parison challenging or even impossible. The anisotropy
appears to be rather pronounced, as followed from high-
field electron spin resonance [15] and magnetic suscep-
tibility [9, 24] measurements, suggesting the presence of
the Kitaev parameter K and symmetric off-diagonal spin
exchange Γ (Eq. 1) as two key sources of the anisotropy
[24, 25].
ESR is traditionally recognized as one of the most sen-
sitive high-resolution spectroscopy tools for studying the
spin dynamics in strongly correlated electron systems, ca-
pable to probe not only conventional magnons, but also
fractional excitations (such as spinons and solitons [26–
29]), the property of magnetic materials with quantum
spin liquid ground states. Here, we present results of
high-field tunable-frequency ESR studies of α-RuCl3, fo-
cusing on its spin dynamics in the field-induced magnet-
ically disordered phase.
The measurements were performed on high-quality sin-
gle crystals from the same batch as reported previously
[15]. The plate-like samples were prepared using a vapor-
transport technique starting from pure RuCl3 powder
and have typical sizes of 3x3x0.5 mm3. The experiments
were performed employing a 16 T transmission-type mul-
tifrequency ESR spectrometer, similar to that described
in Ref. [31]. A set of backward-wave oscillators, Gunn
diodes, and VDI microwave sources (Virginia Diodes Inc,
USA) was used, allowing us to study magnetic excitations
in a broad quasi-continuously covered frequency range,
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FIG. 2. Frequency-field dependences of magnetic excitations
in α-RuCl3 for H ‖ [100] (a, b) and H ‖ [110] (c, d) (hω ‖ H
(a, c), hω ⊥ H (b, d), where hω is the magnetic component
of the THz radiation; T = 1.5 K). Absorptions denoted by
crosses were observed using unpolarized radiation. Solid lines
are guides to the eye. The vertical dashed lines indicate crit-
ical fields as determined in Ref. [9]. The closed squares and
triangles in (d) denote inelastic neutron scattering data from
Ref. [10].
from 0.05 to 1.2 THz (corresponding to an energy range
of about 0.2 - 5 meV). The experiments were performed
in the Voigt configuration with magnetic fields H ‖ [100]
and H ‖ [110] [i.e., applied parallel and perpendicular
to a Ru-Ru bond direction, respectively, Fig. 1(a)]. Fine
orientation of the samples was done in situ, employing a
goniometer with the rotation axis normal to honeycomb
layers. A wire-grid polarizer was installed just before the
sample, allowing us to select the polarization of the inci-
dent THz radiation with respect to the applied magnetic
field and crystallographic axes.
The frequency-field dependences of polarized-ESR in
α-RuCl3 for H ‖ [100] and H ‖ [110] are shown in Fig. 2.
Some examples of polarized-ESR measurement data are
shown in Supplemental Material [30]. Two modes were
observed in the low-field zigzag ordered phase, as re-
ported previously [15]. These excitations (modes A and
B) correspond to conventional relativistic AFMR modes,
excited at the Γ point, with the zero-field frequencies
0.62 and 0.8 THz [17]. Both modes exhibit pronounced
softening in magnetic field. The low-frequency AFMR
mode A is dominantly excited when hω ‖ H , while the
mode B corresponds to excitations with hω ⊥ H . At low
fields, mode A was observed also when hω ⊥ H . Such
an unusual behavior can be explained by a change in
domain populations, as suggested by neutron-scattering
studies [8]. Detailed spin-wave-theory analysis of the
AFMR spectrum (including the polarization dependence
3of magnetic excitations) was performed by Wu et al. [17],
revealing an overall good agreement with the obtained
experimental data.
For both orientations of applied magnetic field, the in-
tensity of the AFMR modes decreases significantly when
approaching the critical region. These changes can be
particularly well seen in unpolarized-ESR spectra [Figs. 3
and 4]. Remarkably, our ESR measurements revealed the
presence of AFMR mode A not only below B∗c , but also
between B∗c and Bc [Fig. 2(c)]. It has been recently pro-
posed, that the antiferromagnetic interlayer coupling in
α-RuCl3 results in a triple-layer structure modulation in
the direction perpendicular to the honeycomb direction
(corresponding to the magnetic order 3f-zz), while the
ferromagnetic interaction would lead to zigzag ordered
state with a unit cell of six layers (6f-zz); the latter is
likely realized in α-RuCl3 between B
∗
c and Bc [32]. Based
on this assumption, the observation of the mode A in the
AF2 phase suggests the co-existence of the 3f-zz and 6f-
zz magnetic structures in this narrow intermediate field
range [Fig. 1(b)]. More details of high-field magnetic-
structure studies of α-RuCl3 will be reported elsewhere
[33].
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FIG. 3. Examples of unpolarized-ESR spectra in α-RuCl3 for
H ‖ [100] at various frequencies; T = 1.5 K. The spectra are
normalized by the zero-field transmittance background and
offset for clarity. The vertical line indicates the critical field
as determined in Ref. [9].
Several magnetic-resonance modes were observed
above Bc. The frequency-field diagrams of these modes
for different polarizations of the incident THz radiation
are shown in Fig. 2.
Recent neutron-scattering measurements of α-RuCl3
revealed a sharp magnon mode at the lower bound of
a strong continuum [10]. This mode has a measurable
dispersion in the direction perpendicular to the honey-
comb planes, suggesting the presence of nonnegligible in-
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FIG. 4. Examples of unpolarized-ESR spectra in α-RuCl3 for
H ‖ [110] and T = 1.5 K. The spectra are normalized by
the zero-field transmittance background and offset for clarity.
The vertical lines indicate critical fields as determined in Ref.
[9].
terplane interactions (the dispersion perpendicular to the
plane was seen also in the magnetically ordered phase
below Bc, but it is much weaker than the in-plane dis-
persion). The corresponding neutron-scattering data at
(0,0,3.3) and (0,0,4.3) are shown in Fig. 2(d) by closed
squares and triangles, respectively. The dispersion pe-
riodicity along the (0,0,L) direction suggests that the
excitation energy at the Γ point (maximum of the ex-
citation dispersion) and at the magnon zone boundary
(dispersion minimum) are approximately the same as for
(0,0,3.3) and (0,0,4.3), respectively. Based on that, the
excitations C and F are identified as relativistic and ex-
change modes of magnetic resonance [Fig. 5(a)] [4]; sim-
ilar excitations were observed, e.g., in the field-induced
polarized phase in the triangular-lattice antiferromagnet
Cs2CuCl4 [34]. The mode C is the most intensive reso-
nance (Figs. 3 and 4), having maximal intensity for the
polarization hω ⊥ H . This mode was observed also by
means of far-infrared [18, 20] and Raman-scattering [21]
spectroscopy [the latter is denoted as M1 in Fig. 5(b)].
The mode F has a polarization hω ⊥ H . The correspond-
ing transitions (modes C and F) are shown in Fig. 5(a)
by the solid red and blue arrows, respectively. The ob-
servation of the exchange mode F (which is, as expected,
much weaker than the mode C) becomes possible due to
the staggered Dzyaloshinskii-Moriya interaction [35, 36],
which is allowed in α-RuCl3 due to the absence of an
inversion symmetry center between the Ru ions in adja-
cent layers. Our scenario is supported by recent calcula-
tions for a three-dimensional exchange model [32]. The
distance between the C and F modes gets larger with in-
creasing field, indicating that spin correlations in the sys-
4tem are becoming less 2D in high fields. Similar behavior
was observed by inelastic neutron-scattering experiments
[10].
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Frequency-field dependences of selected ESR modes [from
Fig. 2(a) and Fig. 2(b)] and the color contour plot of the
high-field Raman scattering intensity [21] (H ‖ [100]).
Raman scattering is known as a very powerful tool to
probe two-particle processes in strongly correlated spin
systems. Such two-magnon excitations, the modes M3′
and M2′, were observed in α-RuCl3 in the field-induced
phase [21, 37] (Fig. 5(b); for comparison we show simu-
lated modes 2C and 2F with the excitation energy twice
larger than that for the modes C and F, respectively).
The continuum is spread well above 2C, suggesting con-
tributions of multiple-particle processes in the entire Bril-
louin zone [32]. Based on the proposed scenario, one
would expect the presence of higher-energy excitations
(such as modes G and G* in Fig. 2), involving multipar-
ticle processes with different wave numbers.
The ESRmode E, with excitation energy slightly larger
than that for the mode 2F (but smaller than that for the
mode 2C), was observed for hω ‖ H and can be ten-
tatively interpreted as an excitation of a two-magnon
bound state [dashed green arrow in Fig. 5(a)].
In the vicinity of Bc the modes G and E are super-
imposed (Fig. 3). To obtain more details about this
critical range, we refer to our polarized-ESR measure-
ment data (Supplemental Material [30]). Surprisingly,
at about Bc our experiments reveled a broad dip, de-
noted as J, whose field position is almost independent on
the frequency. The dip was observed in the ∼ 700− 900
GHz frequency range with the polarization of the incident
THz radiation hω ‖ H (H ‖ [100], Fig. 1(a), Supplemen-
tal Material) [38]. The position of the dip J is shown
in Figs. 2(a) and 5(b). Remarkably, these frequency
range is located between modes 2F and 2C, correspond-
ing to the lower and upper boundaries of the two-magnon
continuum, respectively [Fig. 5]. This strongly suggests
that the field-induced transition from the magnetically
ordered to disordered phase strongly affects not only the
ground state properties, but also the excitations spec-
trum, including multiparticles processes. We hope that
our observation will stimulate further theoretical stud-
ies of the unconventional spin dynamics in α-RuCl3, in
particularly, in the critical regime in the vicinity of Bc.
The ESR mode D is relatively weak at low frequen-
cies, gaining intensity at higher frequencies and fields.
This mode is excited for both polarizations of incident
THz radiation, hω ‖ H and hω ⊥ H (Fig. 2). Similar to
other high-field modes, the resonance field for the mode
D exhibits a 60◦ periodicity [15]. On the other hand, the
angular dependence of this mode is significantly differ-
ent from others (e.g., for modes C, E, F), demonstrating
a shift of 30◦. The observed very peculiar angular de-
pendence of mode D might provide a potential hint for
identifying the nature of this excitation.
Very recently, a plateau in the thermal-Hall-effect has
been observed over a finite field range [39–41]. This has
been interpreted as a signature of fractional non-Abelian
excitations, possibly the Majorana fermions of the Ki-
taev model on a honeycomb lattice. The presence of a
plateau over a limited range of applied fields (approxi-
mately between 9.7 and 11.5 T for H ‖ [110] [40]) would
suggest the presence of additional phase transitions at
the fields corresponding to the upper and lower bounds
of the plateau. Possible evidence for that has been seen
in magnetocaloric [10] and magnetostriction [42] exper-
iments, while another thermodynamic study (magnetic
Gru¨neisen parameter and specific heat) detected no sign
of such transitions [43]. Our high-field ESR measure-
ments show magnon modes, characteristic of partially po-
larized state, emerging right above Bc, not revealing any
evidence for additional high-field phases or phase transi-
tions in magnetic fields up to 16 T. The question of such
a coexistence (the nontrivial topological excitations, if
any, and conventional bulk magnons, observed by us in
α-RuCl3) remains open, demanding more systematic ex-
perimental and theoretical investigations.
In conclusion, we have reported on the high-resolution
high-field THz ESR spectroscopy studies of in-plane ori-
ented single crystals of α-RuCl3 in magnetic field up to
Bc and beyond, applied parallel and perpendicular to Ru-
Ru bond directions. We confirmed the rather anisotropic
ESR response, highlighting significant role of anisotropic
in-plane interactions in α-RuCl3. Complemented by re-
sults of recent inelastic neutron- and Raman-scattering
measurements, we argue that the high-field spin dynam-
ics in this material is dominated by one- and two-particle
excitations, identified as magnons.
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